A B S T R A C T Although opioid peptides have been demonstrated immunohistochemically in the feline intestine, the action of these peptides is unknown. The aims of this study were: (a) to determine the distal ileal and ileocecal sphincter (ICS) responses to morphine sulfate (MS), methionine enkephalin (ME) and leucine enkephalin (LE); (b) to determine the mechanism by which exogenous opiates mediate these responses; (c) to determine the type of receptor involved in mediating these responses and (d) to ascertain whether endogenous opiate-mediated responses may be vagally induced. The ICS responded to all three opiate agonists with tonic and phasic contractions, the latter being associated with increased spike activity. The EDmax for ICS pressure response was 1 ug/kg for ME, 5 ,g/kg for LE, and 150 Ag/kg for MS. The distal ileum responded with increased spike activity and phasic contractions. The EDmax for the ileal motility index response was 1.0 X 10-/ug/kg for ME, 1 ,g/kg for LE, and 150 ,ug/kg for MS. Thus, both sites demonstrated similar dose-response relationships, both responding to at least 100 times lower doses of enkephalins than MS. The ICS contraction preceded ileal contractions. The ileal and ICS response was not antagonized by atropine, hexamethonium, phentolamine, propranolol, cinanserin, or tetrodotoxin. Naloxone, 600 ag/kg, antagonized the response to the enkephalins while 10 jig/kg antagonized the response to MS. Higher doses of the specific-receptor agonist SKF 10047 and K-receptor agonist ketocyclazocine were required before a contractile response was elicited. Electrical stimulation of the cervical vagus induced ICS contraction and a fall in blood pressure. The ICS contractile response but not the blood pressure 
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INTRODUCTION
Opiates were first used by man in the empiric treatment of diarrhea. Studies on the effect of opiates on gastrointestinal motility have been largely performed using morphine sulfate(MS).' Morphine has been demonstrated to prevent castor oil-induced diarrhea and to delay intestinal transit in rats (1, 2) . The effect can be seen after either peripheral or central administration, the central effect being mediated in the rat via the vagus nerve (1, 3) . The peripheral opiate action in the canine ileum appears to be mediated via the release of 5-hydroxytryptamine (5HT) (4, 5) . The result of delayed intestinal transit with increased contractile activity suggests that the contractions cause functional obstruction to the flow of intestinal contents.
The discovery of opiate receptors in the brain, in 1973, has led to the identification of endogenous opioid peptides, the endorphins (6) (7) (8) . The two opioid pentapeptides, methionine enkephalin (ME) and leucine enkephalin (LE), originally isolated from the pituitary, have now been demonstrated immunohistochemically in the brain, the peripheral autonomic nervous system, and the myenteric plexus of the gastrointestinal tract (9) (10) (11) (12) (13) (14) . In the cat, enkephalinergic nerve fibers have been demonstrated in the pylorus and a vagally induced atropine-resistant pyloric contraction appears to involve opiate receptors (15) .
We have demonstrated that contraction at the ileocecal sphincter (ICS) of the cat can occur via spikedependent and spike-independent mechanisms in a model that involves the simultaneous recording of myoelectrical activity and intraluminal pressures (16) .
The aims of this study were: (a) to examine the effect of MS, ME, and LE on the myoelectrical and mechanical activity of the distal ileum and ICS; (b) to elucidate the mechanism and site of this action; (c) to determine the possible endogenous role of such a mechanism in altering ileal and ileocecal function.
METHODS
Studies were performed in a total of 80 adult domestic cats weighing between 1.8 and 4.0 kg. The animals were fasted for 24 h before the study. The animals were sedated using ketamine hydrochloride (Ketalar, Parke-Davis, Morris Plains, N. J.), 10 mg/kg i.m. After sedation, the animal was strapped to an animal board, and the right femoral vein was exposed and cannulated using a 21-G venocatheter under local anesthesia (1% xylocaine). Anesthesia was achieved and maintained by intravenous infusion of chloralose urethan (5 g/ 100 ml chloralose in polyethylene glycol (PEG 200), 8 g/100 mg urethan) at a dose of 1 ml/kg. A tracheostomy was performed to allow assisted ventilation, using a small animal respirator (Harvard Apparatus Co., Inc., Mass.) if respirations became shallow. A heparinized cannula (21-G veno- catheter) was inserted into the right femoral artery and connected to an external transducer (Statham P231A, Statham Instruments, Inc., Oxnard, Calif.) for constant blood pressure monitoring. Patency of the intravenous cannula was maintained by slow infusions of 0.9% saline (15 cm3 h-'). The arterial cannula patency was maintained by intermittent flushing with saline (2-ml bolus) when the arterial tracing showed evidence of failure to record accurately. The body temperature was maintained at 37°C by means of a heat lamp and was monitored rectally and intraabdominally. The intraabdominal contents were exposed through a midline incision. The distal ileum, ICS, and colon were identified visually and the colon emptied of feces through a distal incision, at the level of the pelvic muscle floor.
Intraluminal pressures were measured using a triple-lumen manometry tube with three side orifices ( At the end of the study, the opiate was again administered to determine a return of ICS response. All drugs were diluted to a volume of 1 ml in normal saline, and administerd as an intravenous bolus except for naloxone which, at the dose of 1 mg/kg, was diluted in 5 ml saline and infused over 2-min period. The cannula was flushed with 1 ml normal saline following each bolus injection.
The effect of cervical vagal integrity on the ICS response to opiates was investigated by determining the ICS response to opiates before and after bilateral cervical vagal section. An anterior midline incision was made in the neck. The left and right vagal trunks were identified within the carotid sheath behind and in between the internal jugular vein and the common carotid artery. The vagi were then individually isolated and each was sectioned. Nerve identity was confirmed by electrical induction of bradycardia and arterial hypotension during nerve stimulation. The effect of electrical stimulation on the myoelectrical and mechanical activity of the distal ileum, ICS, and proximal colon were studied. The effect of intravenous naloxone on the contractile response of the ICS to vagal stimulation (5 ms, 10 Hz, 10 V) was determined.
The base-line ileal, ICS, and colonic pressures were measured in millimeters of mercury with the initial ileal pressure used as zero reference. Values were obtained at the midrespiratory cycle. The ICS response to drugs was recorded as the maximal pressure seen within 2 min of the stimulus, again in the midrespiratory cycle. The maximum pressure during each minute for 10 min following a stimulus was also recorded, as was the character of the response.
A contraction was considered phasic if there was a rapid increase in pressure such that it reached a peak and returned to base-line levels within the time interval of one slow wave. A contraction was considered tonic if the pressure remained elevated during consecutive slow waves. Respirations were recorded simultaneously so that base-line variations in ICS pressure due to respiratory movements were not included as phasic contractions.
The myoelectrical activity was analyzed for 5 min before each stimulus and a least 10 min after each stimulus. The number of slow waves per minute and the number of slow waves with spike bursts were noted per minute for these time intervals. The time relationship between spike bursts was analyzed to determine if a response was propagated antegrade or retrograde. If, within the minute following the administration of opiates, there was spiking in the most distal ileal lead before the ICS lead the response was labeled an antegrade response. If the response occurred in the ICS lead before the ileal lead it was considered retrograde. The spike activity on the adjacent leads had to be seen within the time interval of one slow wave in order to consider the response as retrograde. The terms were not meant to imply actual propagation of spike activity but the temporal relationship between spike activity in adjacent areas of the bowel. The delays between the time of injection of the opiate and the onset of the contractile response in the ICS and most distal ileal lead were also determined.
The ileal contractile response was recorded as a motility index, as the response was phasic. The motility index was calculated as the mean amplitude of contraction for 2 min X number of contractions for 2 min.
Statistical analysis was performed using Student's t test to compare the ICS pressure after opiate stimulation to baseline levels, and to the response after administration of each antagonist. The ileal motility index was analyzed similarly. Results are expressed as a mean±SE.
RESULTS
Ileocecal sphincter response to opiate. MS, ME, and LE, when given as an intravenous bolus injection, resulted in contraction of the ICS. The ileocecal response consisted of both tonic and phasic components (Fig. 1) . The predominance of the tonic vs. the phasic components varied between animals. A phasic response alone was not seen. The phasic response of increased ICS pressure was associated with spike activity at the ICS electrode. The ICS response was seen following a delay after intravenous injection of 12.7±1.3 s for MS, 12.2±0.8 s for ME, and 15.0±1.5 s for LE at their maximally effective doses. The duration of the total response, defined as the length of time following the injection of the opiate agonist during which the ICS pressure was greater than base-line pressure, varied depending on the animal under study. In a given animal, the response was shorter at lower doses of agonist than at higher doses but there was considerable overlap. At the lowest dose eliciting an ICS response the duration of contraction was between 1 to 2 min. The duration of the total response to the maximally effective dose of MS was 9.2±2.2 min, to LE was 6.3±2.0 min, and to ME was 3.76±0.5 min. Thus, the response to all opiates was short-lived, the 45-min rest period between each agonist dose being adequate to allow return to base line. No tachyphylaxis was seen when the same opiate dose was repeated after this time interval.
When a tonic contraction only was seen at the ICS, no accompanying spike activity was seen at the ICS electrode. After MS 17.25% (10/58) of ICS responses were purely tonic; 37.3% (26/70) and 41.2% (14/34) were tonic after ME and LE, respectively. When a response consisted of both phasic and tonic responses simultaneously, the spike activity was seen to correlate with the phasic contractions. The phasic response was of shorter duration than the tonic response, the latter persisting in the absence of spike activity. Thus, both spike-dependent and spike-independent contractions of the ICS were seen in response to opiate agonists. The spike-independent contraction was the more persistent response.
A dose-response relationship was seen for each of the opiate agonists (Figs. 2 and 3) . The maximum ICS pressure change was the same for each agonist. 3 Change in ICS pressure after increasing doses of ME and LE. Significant increases in pressure (P < 0.05) were noted at doses >1.0 X 1O0-Ag/kg ME and >5.0 X 10-i jg/ kg LE. sponse of the distal ileum was seen after intravenous injection of MS, ME, and LE. The motility index was calculated over a 2-min interval before and after the injection of an opiate. As with the ICS, there was an ileal dose-response relationship to opiate agonists (Fig.  4) . The maximum absolute change in motility index above baseline was 107.9±17.13 for ME, 102±39.0 for MS, and 72.5±17.82 for LE. These are not different statistically. A maximum ileal response was seen after 150 jig/kg MS, 1 ag/kg LE, and 1 X 10-,ug/kg ME. The ED50 for the ileal response was 25 jg/kg MS, 1.5 X 10-2 ,ug/kg LE, and 8.0 X 10-MAg/kg ME. The distal ileum, like the ICS, was 102 to 103 times more sensitive to the enkephalins than to MS.
Relationship between ICS and ileal response. The onset of spike activity and pressure changes in the ICS after the injection of maximal doses of ME were seen significantly earlier than the ileal spike activity and pressure changes. Ileal spike delay was 13.4±1.0 s, ICS spike delay being 12.2±0.8 s (P < 0.05, n = 18); ileal pressure response delay was 17.6±1.4 s, ICS pressure delay being 13.8±1.1 s (P < 0.005, n = 18). The delay to colonic spike activity (21.5±1.9 s) was significantly greater than that to ileal activity (P < 0.005). The spiking in the ileal leads was either simultaneous in all three ileal leads recorded or was seen later in progressively more proximal ileal leads suggesting retrograde propagation. Section of the bowel proximal to the ICS did not abolish the ileal, ICS, or colonic response to opiates. Thus each segment of the bowel investigated responds to exogenous opiates and is not dependent on the activation of an adjacent section of the bowel with myogenic propagation. The meaning of the time relationship between the ICS and ileal re- 4 Change in motility index of the distal ileum after increasing doses of ME and LE. Changes in motility index were significant (P < 0.05) at doses >1.0 X 10-3 ag/kg ME and between 1.0 X 10-2 and 1 ug/kg LE. Naloxone at a dose of 10 ,g/kg antagonized the effect of the maximal dose of MS at the ICS by 92.9±4.0% (P < 0.01). The effect of different doses of naloxone on the ICS response to ME 1 gg/kg is shown in Fig.   5 . 1,000 ,g/kg naloxone abolished the ICS response to maximal doses of ME 1 Ag/kg with the ICS contraction being reduced to 11±10.5% of control (P <0.001, n = 6). Naloxone did not alter the ICS or ileal response to submaximal (30 ,g/kg) or maximal doses of bethanechol (50 Ag/kg). The ICS response to phenylephrine (100 ug/kg) was also not affected by naloxone 1,000 Mg/kg. The effect of atropine, hexamethonium, phentolamine, propranolol, cinanserin, and tetrodotoxin on the ICS response to ME was next studied. The doses chosen were those shown to antagonize the effect of their respective maximal agonist doses (17, 18) . Each response was compared with a control response in the same animal with a control agonist injection given at least 30 min before the antagonist effect was investigated and at least 1.5 h after the antagonist was given. ME 1 Mg/kg caused ICS contraction that was 88.0±11.73% of control following atropine 30 ,g/kg (P> 0.05, n = 11), 111.6±9.9% of control following phentolamine 1 mg/kg (P > 0.05, n = 6), 82.3±13.3% of control following propranolol, 1 mg/kg (P > 0.05, n = 6), and 118.2±24.1% of control following hexamethonium, 20 mg/kg, (P > 0.05, n = 5).
5HT caused a variable response at the ICS when given alone at intravenous doses of 10-40 ,ug/kg. In Methysergide in doses of up to 800 jg/kg did not antagonize the ICS contractile response to 5HT. Cinanserin hydrochloride, another 5HT antagonist, inhibited the ICS contractile response to 5HT when given at a dose of 250 Ag/kg to 20±22.3% of control (P <0.005). In 50% of the time (n = 6) the response to 5HT was converted to a purely relaxation response. Cinanserin at this dose (250 jg/kg) did not inhibit the ICS response to ME (P > 0.10), nor to MS (P > 0.10). The ICS response to ME in the presence of cinanserin was 112.3±26.5% of control response.
Tetrodotoxin was infused intravenously at doses between 2-3 ,jg/kg until spontaneous respirations stopped or the ICS contractile response to vagal stimulation was abolished. Tetrodotoxin at these doses antagonized vagally induced or 1,1-dimethyl-4-phenylpiperazinium iodide (50-100 jg/kg)-stimulated ICS contraction. Contraction of the ICS induced by adjacent ileal field stimulation (10 V) was also abolished. The injection of tetrodotoxin was accompanied by arterial hypotension with a fall of arterial pressure by 71.1±6.62 mm Hg in 100% of animals. In 37.5% (6/16) animals, no ICS contractile response was seen. In the remaining 10 animals, phasic and tonic contractions of the ICS with a maximum change in ICS pressure of 15.2±4.13 mm Hg was seen. The ICS contraction lasted from 2 to >20 min. Phasic contractions of the ileum were seen in the same animals. Both ileal and ICS contractions persisted about the same length of time. Higher doses of tetrodotoxin were lethal to the animals. When the ileal and ICS contractions had returned to base line, ME (1 ug/kg) was again given. The ICS response to ME after tetrodotoxin was 92.3±7.6% of the control response (P > 0.05), suggesting a response mediated by smooth muscle membrane receptors. The ICS contractile response to 1 X 10-2 jig/kg ME (approximate ED50 for ME) was also unaltered by tetrodotoxin.
Effect of antagonists on the ileal opiate response. 200 jig/kg naloxone antagonized the ileal motility index response to ME, 1 jig/kg, to 50.4±15.6% of control response while naloxone 1,000 jg/kg completely antagonized the ileal response to ME.
After atropine (30 ,jg/kg), the ileal response to ME (1 jig/kg) was 84.4±9.8% of control (P > 0.05), after cinanserin, (250 jig/kg) the response to ME was 137.5±45.3% of control (P> 0.05), and after tetrodotoxin the ileal response to ME was 140.1±37.5% of control (P > 0.05). Thus, the ileal response to Met-enkephalin was antagonized by high doses of naloxone but not by atropine, cinanserin, or tetrodotoxin.
Characterization of opiate receptors. The relative potency of enkephalins compared with morphine, and the resistance of the enkephalin response to naloxone suggest that the responses are mediated by b-receptors. The receptors in this area were characterized further by determining the dose-response to the fairly specific opiate receptor agonists SKF 10047 (specific for a-receptors, 293.84 mol wt) and ketocyclazocine (specific for K-receptors, 285.4 mol wt). The doses on a molar basis were about threefold greater than the enkephalins. No ICS response was seen to ketocyclazocine before a dose of 1 mg/kg was given. The EDmax for the ileal motility response after ketocyclazocine was 50 jg/kg and after SKF 10047 was 50 jig/kg. The EDw for the ileal response with ketocyclazocine was 5 .0 x 10-jig/kg and for SKF 10047 was 1 jug/kg compared with 8.0±10-3,jg/kg for ME. Thus the predominant opiate receptor at the distal ileum and ICS appears to be of the b-type because of the relative insensitivity to these other agonists.
Effect of vagal section or vagal stimulation. Bilateral cervical vagotomy did not alter the maximal response of the ICS to opiates. In those cats undergoing vagotomy, the ICS response to 1 jig/kg ME before vagotomy was 24.5±2.8 mm Hg and after vagotomy the response was 23.6±3.8 mm Hg (P > 0.05). Vagal stimulation resulted in a tonic and phasic ICS contraction as is shown in Fig. 6 . The ICS pressure response but not the arterial pressure response to peripheral cervical vagal stimulation (5 ms, 10 Hz, 10 V) was inhibited by high doses of naloxone (Fig. 7) . This observation suggests that ICS contraction to vagal stimulation may in part be mediated via opiate receptors.
DISCUSSION
Immunohistochemical studies have demonstrated the presence of enkephalinergic fibers and cell bodies in the myenteric plexus of the feline intestine with an increased density at the sphincters (14, 15) . The physiological effect of opiates on the motility of the ICS has not been described. The present studies demonstrate a dose-related and highly sensitive response of both the distal ileum and the ICS to MS and the enkephalins. Because of their rapid metabolism, it has been suggested that the enkephalins cannot elicit a peripheral response if given intravenously, (19) (20) (21) . The dose-response curves of the ileum and ICS demonstrate a response to enkephalins at >100 times lower doses than morphine (molecular weights being similar). These areas are probably even more sensitive to enkephalins than to morphine since the enkephalins are rapidly metabolized. The effect of enkephalins on feline intestinal motility has not been previously described. The effect of morphine has been investigated in the duodenum and ileum (22, 23) . In the absence of vomiting, no intestinal electrical activity response was described in a chronic cat preparation. In these studies, electrodes were spaced widely apart and effects over short distances of bowel would not be recognized. Also, the distal ileum and ICS were not investigated. The ICS response we have described was both a tonic and phasic contraction. We have previously demonstrated that the ICS responds to stimuli by both spike-dependent phasic contractions and spike-independent tonic contractions (16) . The type of receptors present on the two areas appears identical in view of the relative sensitivity of the distal ileum and ICS to the opiate agonists. The responses of the two areas are coordinated such that ICS contraction precedes contraction of the distal ileum. Such organization of contraction might be expected to impede aborad flow of intestinal contents. Our model, however, cannot separate the effects of differential blood flow to different areas. The evidence of similar sen-sitivity of these areas to the agonists could be explained either by the presence of receptors only on the ileum with propagation of activity to the ICS, the presence of receptors only at the ICS with retrograde propagation to the distal ileum, or the presence of similar receptors at both the distal ileum and ICS. The first alternative is unlikely because the response is seen first at the ICS. Section of the bowel proximal to the ICS did not abolish either the distal ileal response or the ICS response. Thus, receptors appear to be present both in the distal ileum and the ICS. The opiate receptors appear to be present on the smooth muscle membrane. The response to enkephalins was not antagonized by the neural antagonist tetrodotoxin, or by the other selective antagonists.
The responses of the ICS and ileum to the selective opiate receptor agonists suggest a predominantly b-receptor. There was marked sensitivity of both sites to the enkephalins and relative insensitivity to the ti-receptor agonist MS, the a-receptor agonist SKF 10047, and the K-receptor agonist ketocyclazocine. The response seen to higher doses of these other agonists may still reflect their interaction with 5-receptors. The orders of relative potency of the different agonists at the ileum and the ICS are the same. The relative potency of ME at the ICS compared with the other agonists seems greater than its relative potency at the ileum, suggesting that the population of receptors may not be identical at the two sites. Several opiate receptors have been demonstrated in the central nervous system but have not been well characterized in the intestine (24) (25) (26) (27) . The guinea pig ileum has been used in the bioassay of morphine but is different in response to opiates than most mammalian intestinal smooth muscle. Opiates depress electrically induced smooth muscle contraction in the guinea pig (28) (29) (30) (31) .
The action of morphine on the isolated dog ileum and on the rat intestinal transit may be mediated via the release of 5HT (2, 4, 5) . We have found, like Burks (4) , that the type of 5HT antagonist used is important as methysergide did not inhibit the contractile effect of 5HT on the cat intestine. Doses of cinanserin that inhibited the maximal effect of 5HT did not antagonize the effect of enkephalins. This apparent discrepancy in findings may be due to a species difference in opiate receptors. A difference in the effects of ME and morphine on canine ileal myoelectrical activity would also suggest a species difference (32) .
Enkephalinergic fibers have been demonstrated in the mammalian vagus nerve and the sympathetic ganglia (14, 15) . Naloxone antagonized an atropine-and guanethidine-resistant pyloric sphincter contraction induced by efferent stimulation of the cervical vagi in the cat (15) . We have demonstrated that electrically stimulated vagal-induced contraction of the ICS can also be blocked by doses of naloxone, 1 mg/kg or higher. Vagally induced ICS contraction is also blocked by adequate doses of hexamethonium or atropine (17) , suggesting the presence of nicotinic and muscarinic receptors in the neural pathway. The antagonism of vagal stimulation by these agents suggests that acetylcholine may release an enkephalin at the smooth muscle membrane of the intestine or the myenteric plexus. The failure of tetrodotoxin or atropine to antagonize the effect of the enkephalins strongly favors that the receptor is on the smooth muscle membrane. A nonspecific antagonist effect of naloxone is also possible but naloxone did not reduce the ICS response to maximal or submaximal doses of other agonists.
In summary, we have characterized the ICS and distal ileal response to opiates in the cat and demonstrated that the response to exogenous opiates may be mediated via 5-receptors on the distal ileal and ICS smooth muscle. The organization of this response with ICS contractions preceding distal ileal contraction might be consistent with increasing impedence to the flow of intestinal contents. An endogenous role of opiates is suggested by the fact that vagally induced ICS contraction is inhibited by naloxone. Thus endogenous opiates in the distal ileum and ICS may be important in the control of intestinal motility and may be part of an endogenous antidiarrheal mechanism.
